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Abstract: We propose an electrically tunable metasurface, 
which can achieve relatively large phase modulation in 
both reflection and transmission modes (dual-mode oper-
ation). By integration of an ultrathin layer of indium tin 
oxide (ITO) as an electro-optically tunable material into 
a semiconductor-insulator-semiconductor (SIS) unit cell, 
we report an approach for active tuning of all-dielectric 
metasurfaces. The proposed controllable dual-mode 
metasurface includes an array of silicon (Si) nanodisks 
connected together via Si nanobars. These are placed 
on top of alumina and ITO layers, followed by a Si slab 
and a silica substrate. The required optical resonances 
are separately excited by Si nanobars in reflection and Si 
nanodisks in transmission, enabling highly confined elec-
tromagnetic fields at the ITO-alumina interface. Modula-
tion of charge carrier concentration and refractive index 
in the ITO accumulation layer by varying the applied 
bias voltage leads to 240° of phase agility at an operating 
wavelength of 1696 nm for the reflected transverse electric 
(TE)-polarized beam and 270° of phase shift at 1563 nm for 
the transmitted transverse magnetic (TM)-polarized light. 
Independent and isolated control of the reflection and 
transmission modes enables distinctly different functions 
to be achieved for each operation mode. A rigorous cou-
pled electrical and optical model is employed to charac-
terize the carrier distributions in ITO and Si under applied 
bias and to accurately assess the voltage- dependent 
effects of inhomogeneous carrier profiles on the optical 
behavior of a unit cell.
Keywords: all-dielectric nanoantennas; phase modula-
tors; metasurfaces; electro-optical materials; silicon; 
indium tin oxide.
1   Introduction
The realization of compact and fast spatial light modula-
tors, which have been unavailable to date, will enable a 
wide range of photonic functions and device applications 
in the near-infrared (NIR) wavelength range. Recently, 
metasurfaces (i.e. two-dimensional forms of metama-
terials) have emerged as a transformational concept in 
the field of photonics [1–5]. In contrast to complex three-
dimensional metamaterials, metasurfaces are ultrathin 
patterned surfaces that can offer greater ease of fabrica-
tion via a single planar nanolithography step. Passive 
metasurfaces, which are composed of nonuniform ele-
ments with different geometries, physical dimensions, 
and orientations, can impart spatially varying amplitude 
and phase delay to scattered light. However, passive meta-
surfaces are unable to achieve temporal tunability, as the 
arrangement of their subwavelength nano-scale elements 
is fixed. The criteria to realize ideal adaptive beam tailor-
ing include a short response time, low energy consump-
tion, wide tuning range, and control over each individual 
metasurface element (pixel-by-pixel reconfiguration). The 
first steps toward accomplishing this have led to several 
intriguing techniques such as mechanical actuation and 
usage of elastic forces [6, 7], optical pumping to generate 
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nonlinear and superconducting effects [8], external stim-
ulation of phase-transition materials [9–14], ionic trans-
port [15], and deployment of electro-optical field effect 
modulation [16–37]. Among them, metasurfaces hybrid-
ized with tunable CMOS-compatible materials, including 
vanadium dioxide (VO2) [9–11], germanium-antimony-
tellurium (GST) alloys [12–14], highly doped semiconduc-
tors, and indium tin oxide (ITO) [16–27] have enabled an 
approach to achieve strong light-matter interaction with 
ultrafast control over the optical properties of individual 
unit cell elements, which in aggregate enable realization 
of tunable spatially varying phase/amplitude gradients. 
Phase-change materials such as VO2 and GST enable large-
volume index modulation, but their switching is limited 
in speed (table 1 in Ref. [9]) and generally requires larger 
power consumption [38] compared to ITO with a field 
effect modulation scheme.
ITO has attracted interest as an active electro-optical 
material because of a large refractive index change and 
tuning range, possessing an epsilon-near-zero (ENZ) fre-
quency regime, where its permittivity alters sign from 
positive to negative, and short response time at NIR wave-
lengths including particularly the 1.55 μm telecommuni-
cation wavelength [28, 29]. The spatial area in which the 
dielectric permittivity of ITO is modulated under external 
bias voltage is very small, requiring resonant excitation of 
highly confined fields in the active layer for tunable ITO 
metasurfaces. This places stringent requirements on the 
properties of the constituent materials and the geometri-
cal shape of the unit cell in order to achieve the desired 
tunability function. In Refs. [28–32], it was observed that 
the integration of ITO into plasmonic nanostructures 
(e.g. metal-insulator-metal topologies) can offer wide 
phase modulation in the reflection mode where the geo-
metrical resonance of the structure coincides with a zero 
crossing in the permittivity of ITO active layer (so-called 
 on-resonance operation). In Ref. [33], it was reported that 
employing a metal-insulator-semiconductor (MIS) struc-
ture hybridized with ITO can improve the reflection effi-
ciency of reflective tunable metasurfaces by electrically 
merging the excited electric and magnetic resonances, 
also enabling operation in an off-resonant regime. 
Although there has been a remarkable progress toward 
active phase modulation in the reflection mode [28–33], 
there has not been any demonstration of real-time phase 
control in the transmission mode via an ultrathin flat 
metasurface based on ITO permittivity modulation. In 
our earlier work [34], the proposed transmissive metas-
urface is based on ITO-integrated multimaterial nanow-
ires, which is non-planar, and its fabrication may not 
be very favorable. Also, there is a recent work utilizing 
metallic slits filled with ITO [35], which has the drawback 
of several wavelengths thickness. It is worth mentioning 
that reflection/transmission amplitude modulation with 
a high modulation depth was reported in ITO-integrated 
nanostructures by coupling the incident beam to guided 
mode resonances [36, 37] or employing Huygens modes 
in dielectric resonators [38]; but these structures are not 
able to perform phase modulation.
In this paper, we present for the first time, an ITO-
integrated all-dielectric metasurface for phase modula-
tion in the transmission mode. In addition, while tunable 
metasurfaces were only able to perform phase modula-
tion over a single reflection or transmission mode at a 
predesigned operating wavelength, this tunable ultrathin 
metasurface can separately control the transformations of 
both reflected and transmitted beams in real time at two 
different wavelengths (dual-mode operation). To realize 
such a design, the selection of constituent materials, the 
geometrical shape of nanoresonators, and optimization of 
structural parameters of nanostructure need to be care-
fully addressed. The proposed configuration is based on 
the integration of an ITO layer into an all-dielectric meta-
surface. This ITO-loaded semiconductor-insulator-semi-
conductor unit cell is composed of silicon (Si) nanodisk 
antennas located on top of an alumina-ITO stand-off layer 
followed by a Si back slab and a silica substrate. In order 
to electrically control the metasurface elements, the nano-
disks are connected together via Si nanobars (Figure 1A). 
We performed a parametric study to define a fixed set of 
structural parameters that can support strongly confined 
electromagnetic modes coupled with the carrier density 
modulation of ITO at operating wavelengths of 1696  nm 
and 1563  nm in reflection and transmission modes, 
respectively, under illumination with transverse electric 
(TE) and transverse magnetic (TM)-polarized incident 
light. In the reflection mode, the high-index Si nanobars 
strongly interact with the TE-polarized incident beam 
(parallel to the nanobars) and induce a significant field 
enhancement below the biasing lines at the location of 
the ITO layer. In the transmission mode, the Si nanodisk is 
responsible for exciting the desired optical mode leading 
to field confinement in the ITO layer under illumination 
with TM-polarized impinging light. To assess both optical 
and electrical performances of the unit cell in a unified 
manner, the voltage-dependent carrier distribution pro-
files corresponding to ITO and Si are calculated via elec-
trostatic device physics simulations, and the results are 
taken as input into the optical simulation to precisely 
attain reflection/transmission responses under applied 
bias voltages. Depending on the carrier density in the ITO 
active layer, the reflection and transmission phases can 
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be tuned in the vicinity of the resonant wavelengths of 
1696 nm and 1563 nm, respectively, leading to phase vari-
ations of more than 240° and 270°. This is a key mecha-
nism for the realization of the first tunable dual-mode 
phase modulator. Our design features a relatively small 
unit cell period (<λ/2) and a simple one-dimensional 
biasing network to realize actively controllable phase pro-
files at the metasurface interface. Based on this principle, 
the conventional single-mode (reflective or transmissive) 
metasurfaces capable of wavefront engineering [39–42], 
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Figure 1: Geometry and electrostatic characteristics of the proposed tunable dual-mode metasurface.
(A) Schematic overview of tunable dual-mode metasurface including a periodic array of ITO-integrated Si nanodisks located on top of a high-
index Si slab and a SiO2 substrate. This metasurface is capable of performing wide phase modulation over both reflection and transmission 
modes at operating wavelengths of λ1 and λ2 by controlling the level of applied voltages. (B) Cross-sectional view (y-z plane) and (C) top 
view (x-y plane) of the proposed ITO-assisted SIS unit cell with R = 320 nm, P = 700 nm, hDisk = 310 nm, hSlab = 200 nm, hITO = 24 nm, and 
hAl2O3 = 12 nm. (D) The biasing scheme and formation of carrier accumulation/depletion at ITO-Al2O3 and Si-Al2O3 interfaces when an external voltage is directly applied between the ITO layer and the highly n-type doped Si nanodisk with a carrier density of 1 × 1019 cm−3. (E) Electron 
carrier concentration of the ITO active layer as functions of applied bias voltage and distance from ITO-Al2O3 interface. (F, G) The electron and 
hole densities in the Si active layer as functions of applied bias voltage and distance from the Si-Al2O3 interface.
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manipulation of polarization states [43–45], and holog-
raphy [46–48] can undergo a paradigm shift to operate 
as dual-mode structures in both reflection and transmis-
sion. This tunable platform can offer independent control 
over the phase distributions of reflected and transmitted 
beams, which can also attain interesting functions, such 
as beam steering and dynamic focusing.
2   Results and discussions
2.1   Geometry and structural parameters of 
the ITO-loaded dual-mode unit cell
Figure 1 illustrates the proposed electrically tunable dual-
mode metasurface capable of performing as an active 
phase modulator. The design features a semiconductor-
insulator-semiconductor (SIS) structure consisting of 
an array of subwavelength Si nanodisks with radius, 
height, and periodicity of R = 320 nm, hDisk = 310 nm, and 
P = 700 nm, surrounded by air and placed on an alumina 
(Al2O3) gate-dielectric layer (hAl2O3 = 12 nm), an ITO electro-
optical active layer (hITO = 24  nm), a high-index Si back 
slab (hSlab = 200  nm), and a substrate of silicon dioxide 
(SiO2). The Si nanodisks are connected to each other by 
Si nanobars (which serve as biasing lines) with a width 
of w = 100  nm oriented along the x-axis. This facilitates 
implementation of a biasing network capable of control-
ling the bias voltage over each subwavelength element 
from the side without a complex two-dimensional biasing 
scheme. Also, the Si nanobars have an important role 
to enhance the light-matter interaction when the light 
polarization is along the biasing lines (further discus-
sion is provided in Section 2.2). As shown in Figure 1A, B, 
the Al2O3-ITO stand-off layer is placed between the high 
refractive index Si nanodisk/nanobar antennas and the Si 
back slab.
The ITO layer is degenerately n-type doped with a 
background carrier concentration of 3 × 1020 cm−3. The top 
Si nanodisks and nanobars are also highly n-type doped 
with a background carrier concentration of 1 × 1019 cm−3 in 
order to serve as bias electrodes for applying voltage and 
forming a carrier accumulation at the ITO-Al2O3 interface. 
The Si-Al2O3-ITO heterostructure can be regarded as a non-
ideal parallel plate capacitor with degenerately doped 
ITO and highly doped Si acting as semiconductive plates 
in which the induced charges are equal and of opposite 
signs in accordance with the charge conservation. When 
an external bias voltage is applied between the highly 
doped Si nanodisks/nanobars and ITO layer, electrons 
accumulate at the ITO-Al2O3 interface (as depicted in 
Figure 1D), forming an accumulation layer in which carrier 
density increases with the applied voltage. The variation 
of charge carriers in highly doped Si nanodisks/nanobars 
has two regimes, which are demarcated by a threshold 
voltage (VT). For applied voltages V < VT, electron charge 
carriers are depleted away from the Si-Al2O3 interface, 
forming a depletion layer whose thickness increases with 
the applied bias prior to reaching V=VT. By increasing the 
applied bias voltage beyond this threshold voltage, the 
thickness of the depletion layer remains almost constant, 
while holes start to accumulate at the Si-Al2O3 interface, 
and the Si surface conductivity is inverted from n-type to 
p-type. The spatial distribution of carrier densities within 
the accumulation and depletion layers of ITO and Si can 
be calculated for different applied voltages by self-consist-
ently solving the Poisson and drift-diffusion equations, 
using electrostatic simulation solvers, e.g. the Lumeri-
cal device simulator [49]. Further details regarding the 
electrostatic device physics simulations are provided in 
Section 1S of the Supplementary Materials.
The electron distribution in the ITO active layer is 
plotted in Figure 1E as functions of applied bias voltage 
and distance from the ITO-Al2O3 interface. As shown in 
Figure 1E, increasing the external bias voltage from 0 V 
to 12 V, enables the carrier concentration to be increased 
from 3.25 × 1020 cm−3 to 9.86 × 1020 cm−3 at the ITO-Al2O3 
interface. The slight accumulation at the ITO-Al2O3 inter-
face at no bias is due to the band-bending effect induced 
by the difference between work functions of doped Si and 
ITO. It should be noted that the band bending is negligibly 
small at the interface of ITO with Si back slab due to the 
fact that the Si back slab is undoped, and its work func-
tion is quite close to the work function of degenerately 
doped ITO. The accumulated carrier densities exhibit an 
exponentially decaying profile as a function of distance 
from the ITO-Al2O3 interface such that the effective thick-
ness of the accumulation layer is less than ≈1  nm. The 
electron and hole carrier distributions inside the Si active 
layer are also shown in Figure 1F and G, respectively, as 
functions of applied bias voltage and distance from the 
Si-Al2O3 interface. The threshold voltage of VT = 4 V can be 
clearly identified from the results by the voltage at which 
the depletion layer thickness has reached a maximum 
and beyond which the hole carriers are generated and 
accumulated at the Si-Al2O3 interface. Similar to electron 
densities inside the ITO active layer, the hole densities 
inside Si also attenuate exponentially by moving further 
from the Si-Al2O3 interface. Our electrostatic calcula-
tions show that when the applied bias voltage exceeds 
VBD = 10.5 V, the electric field inside the Al2O3 layer exceeds 
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the breakdown field of 7.4 MV/cm reported in Ref. [32]. 
The capacitance per unit area for this unit cell is extracted 
from the Lumerical device simulations, which gives a 
maximal value of Cunit cell = 6 fF/μm2 (corresponding to the 
highest applied bias voltage). Moreover, the resistivity 
of n-doped Si with a background carrier concentration 
of N = 1 × 1019 cm−3 is calculated as ρ = 0.0076 Ω cm [50], 
which results into a resistance of Runit cell = 505.7 Ω per unit 
cell. Assuming a total length of L = 21 μm for the metasur-
face along the x-axis (consisting of 30 unit cells), it will 
yield a total capacitance of C = 58.98 fF and a total resist-
ance of R = 15.17 KΩ. As such the metasurface will have an 
RC time constant of τ = RC ≈ 0.89 ns and a frequency band-
width of 1/(2πRC) ≈ 177 MHz. It should be emphasized that 
implementing the metasurface with a smaller footprint 
is expected to enable larger modulation frequencies. 
For instance, when L = 7 μm, the modulation frequency 
increases up to ≈1.6 GHz.
Following the device physics simulations, the spatial 
carrier distributions inside the active regions of the struc-
ture are translated to the spatial distributions of per-
mittivity via dispersion models to be considered in the 
optical simulations. In this work, the refractive indices of 
undoped Si, Al2O3, and SiO2 are derived from the experi-
mentally measured data by Palik [51]. The dielectric per-
mittivity of ITO is quantitatively described by a Drude 
model as 2 2ITO( ) ( ),p iε ω ε ω ω ωΓ∞= − +  where ε∞ is the infi-
nite frequency permittivity, ω is the angular frequency, Γ 
is the collision frequency, and ωp is the plasma frequency. 
The plasma frequency can be related to the electron 
carrier density N, electronic charge e, and electron effec-
tive mass m* as 2 2 *0( ).p Ne mω ε=  Throughout this manu-
script, the ITO optical parameters are defined to be ε
∞
 = 3.9, 
Γ = 180 THz, m* = 0.35 × m0, where m0 is the electron rest 
mass, and ωp = 1.6517 × 1015 rad/s (the background carrier 
concentration is 3 × 1020 cm−3), which are consistent with 
Refs. [29–33]. The carrier-induced changes of the complex 
dielectric permittivity of highly doped Si nanodisks/nano-
bars are taken into account using a Plasma-Drude model as 
2
doped-Si undoped-Si * *
0
( ) ( ) ,
N N P P
e N P
m ie m ie
ε ω ε ω
ε ω ω μ ω μ
 
= − + 
+ +   
where N(P) is the electron (hole) density, μN(μP) is the 
electron (hole) mobility, and * *( )N Pm m  is the electron (hole) 
conductivity effective mass. Here, we have considered 
μN = 80 cm2 V−1 S−1, μP = 60 cm2 V−1 S−1, 
*
00.27 ,Nm m= ×  and 
*
00.39Pm m= ×  [52].
It should be remarked that despite the fact that the 
active layer of Si has a larger thickness compared to that of 
ITO, the rate of changes in the complex permittivity of Si is 
much smaller in comparison with that of ITO. In particular, 
the permittivity of ITO at the ITO-Al2O3 interface changes 
from εITO = 1.95 + 0.29i at no bias to εITO = −2.04 + 0.88i at 
12 V, at a wavelength of 1.55 μm (an almost two-fold decre-
ment in the real part of permittivity in a region narrower 
than 3 nm thick). Moreover, the formation of ENZ region 
in the ITO layer when the real part of the permittivity is 
between +1 and −1 enhances the light-matter interactions 
substantially. This is when the depletion of electrons in Si 
changes its complex permittivity from εSi = 12.03 + 0.005i to 
εSi = 12.11 at a wavelength of 1.55 μm (less than 1% incre-
ment of permittivity in a region smaller than 20 nm thick). 
Moreover, the hole accumulation after surface inversion 
changes the complex permittivity of Si at the Si-Al2O3 inter-
face from εSi = 12.11 at VT = 4 V to εSi = 7.65 + 0.28i at 12 V, at 
a wavelength of 1.55 μm (less than 40% decrement in the 
real part of permittivity in a region narrower than 1.5 nm 
thick). Accordingly, the main contributing factor to the 
tunable optical performance of the structure remains to 
be charge accumulation inside the ITO layer.
The optical response of the tunable metasurface is 
investigated utilizing a custom-developed solver based on 
a rigorous coupled wave analysis (RCWA) [53, 54] method 
throughout the main manuscript. The active regions of 
ITO (≈3  nm thick) and Si (≈20  nm thick) are discretized 
into several homogenous sub-layers to carefully resolve 
the inhomogeneous permittivity profiles and capture the 
accurate optical response of the unit cell. The thickness 
of the sub-layers is chosen to be uniform for ITO, while 
a non-uniform discretization is adopted for Si depletion 
layer to minimize the computational cost while yielding 
a great accuracy. Further details regarding the discretiza-
tion approach are brought up in Section 1S of the Supple-
mentary Materials.
The fabrication of the proposed metasurface can 
be carried out using multiple depositions and standard 
e-beam lithography [29, 32, 38]. The Si back slab can be 
deposited on a quartz glass substrate via sputtering, fol-
lowed by sputtering of ITO using an RF magnetron sput-
tering in an oxygen/argon plasma in which the flow rate 
of argon/oxygen gas can be controlled to achieve different 
background carrier concentrations in the ITO layer. The 
alumina gate dielectric film can be then grown on top of 
the ITO layer using the atomic layer deposition process. 
The top silicon layer can be subsequently sputtered, and 
then, boron dopants can be applied to the layer in order to 
achieve an n-doped silicon layer with desired background 
carrier concentration. Afterward, the silicon layer can be 
patterned using an e-beam lithography system by devel-
oping a photoresist film to define the pattern followed by 
reactive ion etching to etch through the silicon layer. The 
photoresist layer can be eventually removed via lift-off in 
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acetone. Each row of silicon nanodisks, which are con-
nected by silicon nanobars, can be assigned to a separate 
external contact pad that allows individual addressing to 
the silicon nanodisk row by bias application between the 
Si nanobars and the ITO layer from the side. These inte-
grated electrode pads can be wire bonded to a compact 
multi-chip module for electrical gating [32]. To simplify 
the external connections and avoid any complexity of 
the biasing network, Si nanobars can also be connected 
electrically in groups (two, three, etc.). Therefore, each 
group is addressed by a different external electrode [29]. 
In addition, it is worth mentioning that the distribution 
of biasing voltages applied to elements can be controlled 
using a field-programmable gate array (FPGA) in which 
storing different pre-designed coding sequences allows for 
switching between different functionalities in real time. 
Such FPGA-based digital metasurfaces were previously 
implemented for real-time and dynamic polarization and 
focusing control [55]. The contact pads and wire bonding 
to compact chip and circuit board for electrical gating can 
also be fabricated by deposition of aluminum/gold using 
e-beam evaporation and using standard e-beam lithogra-
phy to define the pattern.
2.2   Performance of a dual-mode unit cell 
in reflection mode: optical modes 
and physical mechanism
In assessing the optical performance of the proposed unit 
cell in the reflection mode, we assume normally incident 
TE-polarized plane waves where the electric field vector is 
normal to the plane of incidence as illustrated in Figure 1A. 
The sample is illuminated from the back, that is, from the 
SiO2 substrate. The reflection amplitude and phase of the 
ITO-integrated SIS unit cell are plotted in Figure 2A, B in 
the absence of gate bias. The unit cell exhibits a geometri-
cal resonance with the high-quality factor (Q-factor) at the 
operating wavelength of λRefl ≈ 1696 nm, leading to a large, 
almost 2π, spectral phase variation in the reflection. The 
near-field profile, including the y-component of the mag-
netic field distribution (|Hy |, color bar) and the normalized 
electric displacement currents (Ex and Ez, white arrows) are 
sketched in the x-z plane in Figure 2C. Rotation of the elec-
tric displacement current loop around the normal compo-
nent of the magnetic field is a well-known characteristic 
of magnetic resonances. The confinement of the magnetic 
field occurs both at the center of the Si nanodisk far from 
the location of the ITO layer and below the Si biasing lines 
at the vicinity of the ITO layer. As the strongly confined 
field inside the nanodisk is located far from the ITO active 
layer, it will not lead to a notable spectral shift or large 
phase modulation of the excited geometrical resonance. 
The electromagnetic fields confined below the Si biasing 
lines at the vicinity of the ITO layer are able to enhance 
the effect of slight modification of carrier concentration 
within the ultrathin ITO accumulation layer and drasti-
cally alter the reflection phase response. Figure 2C also 
indicates that the strength of the geometrical resonance 
depends on the dimensions of the biasing lines. To see 
this, the reflection response in the absence of the biasing 
lines is also shown in Figure 2A, B, which illustrates a 
weak resonance (low Q-factor with negligible light-matter 
interaction) accompanied by a smooth spectral phase 
variation of ≈π at the operating wavelength of 1691  nm. 
In addition, the near-field distribution in the absence of 
biasing lines is presented in Figure 2D. To summarize, 
the Si nanobars that electrically interconnect the nano-
disk antennas break the geometrical symmetry of the unit 
cells and give rise to the required resonant reflection in a 
critical spectral regime for phase modulation (i.e. excita-
tion of strongly confined optical fields at the place of ITO 
and occurrence of the ENZ phenomenon). Comparing the 
near-field distributions in Figure 2C and D also confirms 
the role of the biasing lines in the formation of stronger 
confined magnetic fields at the position of the ITO active 
layer. A parametric study of the effects of the structural 
parameters including the biasing line width (varying from 
w = 0 to 140 nm) on the reflection response is provided in 
Figure S3 and Section 2.1S of the Supplementary Materi-
als; briefly, we observe that the geometrical resonance 
becomes stronger (i.e. smaller reflection and wider spec-
tral phase change) when increasing the biasing line width 
up to w = 100 nm, but it has opposite trend for biasing line 
widths larger than 100 nm. An extended discussion on the 
optical modes supported by the ITO-loaded SIS unit cell is 
presented in Section 2.2S of the Supplementary Materials.
The spatial distribution of the dielectric permittiv-
ity of the ITO and top Si nanodisk/nanobar active layers 
can be calculated utilizing their corresponding dispersion 
models outlined in Section 2.1 as shown in Figure 2E–H 
for different applied voltages at an operating wavelength 
of λRefl ≈ 1696 nm. The optical characteristics of ITO can be 
electrically tuned from positive relative permittivity and 
dielectric nature (εITO = 1.57 + 0.38i at 0 V) to negative rela-
tive permittivity and plasmonic nature (εITO = −3.18 + 1.15i 
at 12 V) at the ITO-Al2O3 interface. The zero-crossing of the 
ITO permittivity (εITO = 0 + 0.63i) occurs when the plasma 
frequency is equal to 2.224 × 1015 rad/s at 1696 nm (equiva-
lent to the carrier concentration of 5.44 × 1020 cm−3), which 
results in a significant enhancement of light-matter inter-
action. It should be noted that the intrinsic material loss 
Brought to you by | California Institute of Technology
Authenticated
Download Date | 4/4/19 4:53 PM
A. Forouzmand et al.: Tunable all-dielectric metasurface for phase modulation      421
A
B
C
D
E
F
G
H
I
J
K
L
0 –3
–2
–1
0
1
3
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
1.65 1.675 1.7
|R|
0
0.01
0.02
0.03
0.04
0.05
|R|
|R |
|Hy|
Wavelength (µm)
1.751.725
w/o biasing line
w/ biasing line
–350
–300
–0.2
–0.2 0.20
0
0.2
0.4
Biasing
line
Biasing
line
0.6
–0.2
0
0.2
0.4
0.6
–250
–200
–150
–100
–50
0
50
–150
–100
–50
0
50
100
150
1.65 1.675 1.7
∠
R
 (°
)
–300
–250
–200
–150
–100
–50
0
∠
R
 (°
)
∠R (°)
Wavelength (µm)
z 
(µm
)
z 
(µm
)
x (µm)
–0.2 0.20
x (µm)
1.75
12
10
8
6
4
2
|Hy|
12
10
8
6
4
2
1.725
w/o biasing line
w/ biasing line
2
Distance from
ITO-Al2O3 interface (nm)
1 0
2
4
6
8
10
12
Ap
pl
ie
d 
bi
as
 (V
)
1670
1680
1690
1700
1710
1720
0 2 4 6 8 10 12
Voltage (V)
W
av
el
en
gt
h 
(nm
)
1670
1680
1690
1700
1710
1720
0 2 4 6 8 10 12
Break-down regim
e
Break-down regim
e
Voltage (V)
0 2 4 6 8 10 12
Voltage (V)
0 2 4 6 8 10
240°
12
Voltage (V)
W
av
el
en
gt
h 
(nm
)
0
1
1.1
0.9
0.8
0.7
0.6
0.5
0.4
3 2
Distance from
ITO-Al2O3 interface (nm)
1 0
2
4
6
8
10
12
Ap
pl
ie
d 
bi
as
 (V
)
0
0.05
0.15
0.1
0.25
0.2
0.35
0.3
0.05
0.15
0.1
0.25
0.2
0.35
0.3
0.4
0 5
Distance from
Si-Al2O3 interface (nm)
10 15
2
4
6
8
10
12
Ap
pl
ie
d 
bi
as
 (V
)
0
11
10
9
8
7
0 5
Distance from
Si-Al2O3 interface (nm)
10 15
2
4
6
8
10
12
Ap
pl
ie
d 
bi
as
 (V
)
Figure 2: Optical performance of the dual-mode ITO-integrated metasurface unit cell in reflection mode.
Reflection (A) amplitude and (B) phase of the proposed ITO-integrated metasurface illuminated by x-polarized incident beam for the 
unbiased case in the presence (solid blue lines) and absence (dashed red lines) of the biasing lines. The near-field spatial distributions at 
the resonant wavelengths of (C) 1696 nm and (D) 1691 nm in the presence and absence of biasing lines, respectively. The color bar shows 
the y-component of the magnetic field (|Hy |), and the white arrows are related to the normalized electric displacement currents at the x-z 
plane. The location of the Si nanobars, which serve as biasing lines, is annotated in (C). (E–H) The real and imaginary parts of ITO and Si 
permittivities within their corresponding active layers at an operating wavelength of 1696 nm as functions of applied bias voltage and 
distance from their interfaces with Al2O3. The region denoted by dashed lines in (E) corresponds to the ENZ region within the ITO active layer. 
(I, J) Color maps of reflection amplitude and phase as functions of voltage and wavelength. The dashed lines denote the points for which the 
real part of ITO permittivity, Re{εITO}, at the ITO-Al2O3 interface is equal to −1, 0, and 1. Reflection (K) amplitude and (I) phase versus external 
applied voltage at an operating wavelength of λRefl ≈ 1696 nm. The dielectric breakdown of the insulator occurs for the applied bias values 
higher than 10.5 V depicted by shadowed regimes in (K, L).
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of ITO increases proportionally with increasing accumula-
tion layer carrier density as illustrated in Figure 2F. This 
dynamic absorption control is the physical mechanism 
behind the ITO-based amplitude modulator proposed 
in Ref. [38]. On the other hand, the complex permittivity 
of Si changes due to the electron carrier depletion and 
surface inversion processes as shown in Figure 2G, H. The 
former process leads to a slight increment in the real part 
of permittivity and decrement of loss within the depletion 
region formed at the Si-Al2O3 interface (complex permit-
tivity of Si changes from εSi = 11.88 + 0.007i to εSi = 11.97), 
which has a negligible impact on the optical response 
of the unit cell. Conversely, the accumulation of holes at 
the Si-Al2O3 interface for the applied bias voltages V > VT 
decreases the real part of the dielectric permittivity while 
increasing the loss in the narrow spatial region of up to 
1.5 nm away from the Si-Al2O3 interface (complex permit-
tivity of Si at Si-Al2O3 interface changes from εSi = 11.97 at 
VT = 4 V to εSi = 6.64 + 0.36i at 12 V).
Figure 2I, J represents color-coded maps of reflec-
tion amplitude and phase as functions of wavelength 
and externally applied voltage, varying from 0 to 12 V. 
The geometrical resonance shifts to shorter wavelengths 
with increasing applied bias voltage up to ≈4.7 V, and the 
resonance shifts in the opposite manner (i.e. moving to 
longer wavelengths) owing to the ENZ phenomenon and 
formation of negative permittivity associated with the ITO 
active layer in higher voltages. The carrier modulation 
at the ITO accumulation layer mainly governs the sup-
ported geometrical resonance, and the effect of permit-
tivity decrement in the Si active layer is negligibly small 
on the optical response due to the non-critical permittiv-
ity change (not experiencing ENZ) within an extremely 
small spatial region. In other words, this distinct spectral 
swing of the geometrical resonance originates from the 
large local field enhancement in the ITO accumulation 
layer, which undergoes the ENZ transition under applied 
bias. As demonstrated in Figure 2K, L, the proposed 
active unit cell can achieve a large phase modulation of 
≈240° at an operating wavelength of λRefl ≈ 1696 nm with 
applied gate bias lower than the breakdown threshold 
of 10.5 V. The largest phase swing is obtained around the 
applied voltage of ≈4.7 V by flipping of the spectral phase 
profile at the ENZ region (annotated by dashed lines in 
Figure  2I,  J) specifically nearby the zero crossing of the 
real part of the dielectric permittivity of ITO. This perfor-
mance is comparable to simulated results for reflection 
from MIM-based active metasurfaces reported in Refs. 
[28] and [29]. In Section 3S of the Supplementary Materi-
als, we also investigated the phase modulation of the pro-
posed unit cell with an effective ultrathin homogeneous 
ITO active layer where the optical properties are only dic-
tated by varying the plasma frequency instead of inhomo-
geneous accumulation layer.
2.3   Performance of a dual-mode unit cell in 
transmission mode: optical modes and 
physical mechanism
We also examined the transmission performance of the 
ITO-integrated SIS unit cell under illumination of the TM-
polarized incident beam where the magnetic field vector 
is normal to the plane of incidence as shown in Figure 1A. 
To achieve relatively large electrical modulation of the 
optical transmission, the confined geometrical resonance 
should overlap with the ITO accumulation layer, so that a 
slight modification of the refractive index within the ITO 
active layer in the ENZ regime will be intensified, and the 
transmitted beam can experience a large phase pickup. 
The solid blue lines in Figure 3A, B represent the trans-
mission response of an ITO-loaded SIS unit cell with the 
same structural parameters as in Section 2.1 (R = 320 nm, 
hDisk = 310 nm, P = 700 nm, hAl2O3 = 12 nm, hITO = 24 nm, and 
hSlab = 200 nm). The transmission response experiences two 
resonances at the resonant wavelengths of λ1Tran ≈ 1563 nm 
and λ2Tran ≈ 1641 nm, which have different optical charac-
teristics. Compared to λ2Tran, the operating wavelength of 
λ1Tran contributes to a resonance with high Q-factor and a 
rapid transmission phase variation as illustrated in Figure 
3A, B. The near-field distributions (i.e. the normal compo-
nent of the magnetic field and the tangential components 
of the electric field) are calculated in the y-z plane and 
demonstrated for λ1Tran and λ2Tran in Figure  3C, D, respec-
tively. At both wavelengths, the circulation of the electric 
displacement currents around the strengthened magnetic 
field at the center of the unit cell denotes the magnetic 
nature of the corresponding resonances. In Figure 3C, the 
confinement of the magnetic field occurs between the Si 
nanodisk and the finite-thickness Si back slab in the vicin-
ity of the ITO active layer. The comparison of Figure 3C and 
D can reveal the fact that the strength of the confined mag-
netic field at λ1Tran is nearly 2.2 times larger than the one 
at λ2Tran. Therefore, the concurrence of a large local field 
enhancement and the ENZ effect makes λ1Tran a promis-
ing candidate to achieve a large phase modulation. Fur-
thermore, the requirement to satisfy the continuity of the 
normal displacement field at the ENZ active layer leads 
to significantly enhanced fields. A parametric study of 
the impact of the different structural parameters on the 
transmission response and a more detailed analysis of the 
supported optical modes by the unit cell can be found in 
Brought to you by | California Institute of Technology
Authenticated
Download Date | 4/4/19 4:53 PM
A. Forouzmand et al.: Tunable all-dielectric metasurface for phase modulation      423
A
B
C
D
E
F
G
H
I
J
K
L
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.5 1.55 1.6
|T|
Wavelength (µm)
1.71.65
1.5 1.55 1.6
Wavelength (µm)
1.71.65
λ2
Tran
λ1
Tran
λ2
Tran
λ1
Tran
–20
–40
–60
0
20
–0.1
–0.2
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0
40
60
80
100
∠
T 
(°)
z 
(µm
)
0.2 –0.20
y (µm)
|Hx|
12
14
10
8
6
4
2
–0.1
–0.2
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0
z 
(µm
)
0.2 –0.20
y (µm)
|Hx|
12
14
10
8
6
4
2
0 –2
–1
0
1
2
3 2
Distance from
ITO-Al2O3 interface (nm)
1 0
2
4
6
8
10
12
Ap
pl
ie
d 
bi
as
 (V
)
0
2
4
6
8
10
12
Ap
pl
ie
d 
bi
as
 (V
)
0
3 2
Distance from
ITO-Al2O3 interface (nm)
1 0
2
4
6
8
10
12
Ap
pl
ie
d 
bi
as
 (V
)
0.9
0.8
0.7
0.6
0.5
0.4
0.3
11
12
10
9
8
0 5
Distance from
Si-Al2O3 interface (nm)
10 15
0
2
4
6
8
10
12
Ap
pl
ie
d 
bi
as
 (V
)
0 5
Distance from
Si-Al2O3 interface (nm)
10 15
0.05
0.15
0.1
0.25
0.2
|T |
1562
1562.5
1563
1563.5
1564
1564.5
1565
0 3 6 9 12
Voltage (V)
W
av
el
en
gt
h 
(nm
)
1562
1562.5
1563
1563.5
1564
1564.5
1565
0 3 6 9 12
Voltage (V)
W
av
el
en
gt
h 
(nm
)
0.05
0.15
0.1
0.25
0.2
–150
–100
–50
0
50
100
150
∠T (°)
0
0.01
0.02
0.03
0.04
0.05
|T|
Break-down regim
e
0 2 4 6 8 10 12
Voltage (V)
–300
–250
–200
–150
–100
–50
0
∠
T 
(°) Break-down regim
e
0 2 4 6 8 10
270°
12
Voltage (V)
Figure 3: Optical performance of the dual-mode ITO-integrated metasurface unit cell in transmission mode.
Transmission (A) amplitude and (B) phase as a function of wavelength for the unbiased case. The near-field distributions of tunable ITO-
loaded SIS unit cell at (C) λ1Tran ≈ 1563 nm and (D) λ2Tran = 1641 nm corresponding to the excited geometrical resonances. The color bar shows 
the normal component of the magnetic field (|Hx |), and the white arrows are related to the normalized electric displacement currents at the 
y-z plane. (E–H) The real and imaginary parts of ITO and Si permittivities within their corresponding active layers at an operating wavelength 
of 1563 nm as functions of applied bias voltage and distance from their interfaces with Al2O3. The region denoted by dashed lines in (E) 
corresponds to the ENZ region within the ITO active layer. Transmission (I) amplitude and (J) phase as functions of wavelength and various 
bias voltages from 0 to 12 V. The dashed lines denote the points for which the real part of ITO permittivity, Re{εITO}, at the ITO-Al2O3 interface 
is equal to −1, 0, and 1. (K, L) The transmission amplitude and phase at an operating wavelength of ≈1563 nm versus the external DC bias 
voltage with consideration of the inhomogeneous active layers of ITO and Si.
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Sections 2.1S and 2.2S of the Supplementary Materials, 
respectively.
The spatial distributions of the relative permittiv-
ity corresponding to the active layers of ITO and Si are 
calculated based on the carrier density distributions in 
Figure 1E–G using their corresponding dispersion models 
and plotted in Figure 3E–H at the operating wavelength 
of ≈1563  nm. A remarkable change in the complex per-
mittivity of ITO from εITO = 1.91 + 0.3i to –2.13 + 0.9i can be 
observed at the ITO-Al2O3 interface by varying the applied 
bias from 0 to 12 V. At the same time, the complex per-
mittivity of Si maximally changes from 12.02 + 0.005i to 
12.1 due to the carrier depletion and alters from 12.1 to 
7.56 + 0.28i at the Si-Al2O3 interface by varying the applied 
bias from VT = 4 V to 12 V due to the surface inversion. 
The calculated transmission amplitude and phase of the 
metasurface as functions of wavelength and applied bias 
voltage are plotted in Figure 3I, J. The supported reso-
nance slightly shifts to longer wavelengths when increas-
ing the applied bias voltage up to ≈5.5 V. As a consequence 
of entering the ENZ region (denoted by dashed lines in 
Figure 3I, J), the zero crossing of the real part of the ITO 
permittivity, and the dielectric-to-plasmonic transition of 
the ITO active layer by applying higher voltages, the cor-
responding resonance behaves in the opposite manner 
and shifts to shorter wavelengths. It should be mentioned 
that the spectral shift and phase swing of the transmis-
sion resonance exhibits an opposite trend to the reflection 
resonance as a function of the applied bias voltage. This 
opposite trend can also be observed as a function of geo-
metrical parameters of the unit cell in the results brought 
in Section 2.1S of the Supplementary Materials. As shown 
in Figure 3K, L, the phase modulation coverage of ≈270° 
is realized at the operating wavelength of ≈1563 nm when 
the amplitude of the applied electrical bias is within the 
physically possible range of 0 V to 10.5 V. As expected, 
the maximum phase modulation is realized around the 
applied bias of ≈5.5 V, where spectral phase profile is 
flipped because the strong field confinement generated 
by the geometrical resonance coincides with the ENZ tran-
sition of the ITO permittivity (ENZ region is denoted by 
dashed lines in Figure 3I, J). It should be mentioned that 
the level of transmission is comparable to the previous 
works such as Refs. [34] and [35] in which the amplitude 
of the transmission coefficients was reported around 0.017 
at the external voltage of +2 V and nearly 0.006, respec-
tively. In Ref. [34], the geometry is non-planar and more 
complex compared to the presented design in this work. 
In Ref. [35], the ITO-loaded metallic slits are geometrically 
thick (several times larger than the wavelength) with an 
aspect ratio of 1:1000 (width to height).
In Section 4S of the Supplementary Materials, we also 
studied the phase modulation of the proposed unit cell at 
the transmission mode with an effective ultrathin homo-
geneous ITO active layer instead of an inhomogeneous 
accumulation layer. We note that the presence or absence 
of the biasing lines and choice of their dimensions have 
negligible impacts on the transmission response of the 
unit cell when the illumination is assumed to be a TM-
polarized beam (perpendicular to the biasing lines), as 
the biasing lines will be effectively transparent in the case 
of a y-polarized beam. Because the desired optical mode 
in transmission mode primarily originates in the Si nano-
disk, it is expected that almost the same function could 
be obtained from the unit cell in transmission mode even 
when the excitation is a TE-polarized beam, but the trans-
mission response will be remarkably perturbed for differ-
ent assumed biasing line widths, as the electric field is 
parallel to the Si nanobars and will strongly interact with 
them.
As an alternative perspective for revealing the under-
lying mechanism of tunability in reflection and transmis-
sion modes of the proposed unit cell, the role of intrinsic 
material loss, which is mainly related to the ITO is inves-
tigated through hypothetically varying the collision fre-
quency (Γ) of the entire ITO layer. It is shown that the 
modification of Im{εITO} has an important role in achiev-
ing a considerable wide phase modulation through satis-
fying the critical coupling condition (so-called impedance 
matching) [56–61]. In reality, this condition can be pro-
vided by strong confinement of the field within the lossy 
ITO active layer upon undergoing ENZ transition under 
applied bias voltages. In addition, this study supports the 
observed opposite trends of spectral phase variation as a 
function of voltage for reflection and transmission modes. 
Further discussion is provided in Section 5S of the Sup-
plementary Materials.
Although the metal-insulator-metal structure is the 
most well-known motif, which can be hybridized with 
active electro-optical materials in the reflection mode, 
the proposed SIS unit cell in this manuscript not only 
can achieve a similar tunable optical performance in the 
reflection mode but can also act as a transmission phase 
modulator. As shown in Figure 1, the proposed all-dielec-
tric metasurface is mainly composed of Si, which is of par-
ticular interest for on-chip photonic integrated devices. 
Compared to a gold back mirror, which reflects the inci-
dent beam (transmission is zero when the thickness of the 
back mirror is larger than the skin depth of the constituent 
material, e.g. gold), a finite high-index Si slab can effec-
tively perform in reflection and transmission modes at two 
distinct operating wavelengths.
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In Section 6S of the Supplementary Materials, the 
absorption of the proposed unit cell is quantified at both 
operating modes as an informative optical parameter. In 
order to clarify the importance of the finite-thickness high-
index Si back slab, supplemental studies were carried out 
for the SIS unit cell in the absence of a Si slab in Section 7S 
of the Supplementary Materials. Briefly, we observed that 
although such a configuration can support both electric 
and magnetic geometrical resonances, the field confine-
ment at the center of the Si nanodisk is weaker, and it is 
not able to serve as a functional active device.
Also, we need to mention that loss and ultrathin 
thickness of the active layer are known as common 
explanations for justifying the imperfections in the ITO-
based spatial phase modulators (low and inconstant 
reflection/transmission level as well as limited phase 
coverage, less than 2π). Potentially, the reflection/trans-
mission amplitude can be improved by substituting ITO 
by another transparent conducting oxide (TCO) with lower 
intrinsic optical loss as discussed in Section 8S of the 
 Supplementary Materials. The inconstant level of ampli-
tudes in reflection and transmission modes is a result of 
on- resonance operation in order to attain maximal phase 
modulation. It would be possible to slightly adjust the 
operating wavelength in both reflection and transmission 
modes to achieve amplitudes with less considerable vari-
ations at the expense of a lower phase agility. The off-res-
onance operation also helps to obtain a phase modulation 
profile with smooth gradual change with respect to the 
applied voltage. This is discussed in Sections 3S and 4S of 
the Supplementary Materials. The reflection/transmission 
phase coverage can be improved by applying multigate 
biasing. For this purpose, the proposed unit cell can be 
redesigned in a dual-gate biasing configuration similar to 
the one reported in Ref. [32] by placing two Al2O3 layers on 
both sides of the ITO layer, which enables the formation 
of active layers at both the ITO-Al2O3 interfaces and incre-
ment of interaction volume of the resonant mode and ITO 
active layers. In addition, it is possible to utilize Al2O3/HfO2 
nanolaminate (HAOL) as the gate dielectric with superior 
electrostatic characteristics (low leakage current, large DC 
permittivity, and high breakdown field) compared to Al2O3 
in order to achieve higher carrier density at the ITO accu-
mulation layer leading to a larger phase modulation [32].
In Section 9S of the Supplementary Materials, as 
potential applications of the proposed unit cell, two 
dynamic dual-mode metasurfaces are studied in-depth in 
which the functionalities of both transmitted and reflected 
beams can be separately controlled in real time. It is dem-
onstrated that the phase front of an array of ITO-integrated 
SIS unit cells can be controlled through the adjustment of 
the biasing network distribution leading similar or differ-
ent bending angles in transmission and reflection modes. 
As another proof-of-concept demonstration, a tunable 
dual-mode focusing metalens is proposed with the capa-
bility of control over the focal lengths of both reflected and 
transmitted light. Further details are provided in Section 
9.1S (beam steering) and Section 9.2S (focusing).
3   Conclusion
We report the design of an active all-dielectric phase 
modulator with independent operation in both reflection 
and transmission modes. This design, to the best of our 
knowledge, not only is the first demonstration of trans-
mission phase modulation via an ultrathin flat metasur-
face employing ITO but also can offer the independent 
reflection phase modulation (dual-mode operation). To 
realize this design, an SIS unit cell was hybridized with 
an ultrathin ITO electro-optical active layer. The proposed 
unit cell is composed of Si nanodisk antennas integrated 
on an Al2O3-ITO stand-off layer followed by a Si back slab 
and a SiO2 substrate. The neighboring Si nanodisks are 
connected to each other by Si nanobars. The high-index 
Si nanobars excite the desired geometrical resonance for 
TE-polarized reflected beam (along the nanobars) and Si 
nanodisks give rise to the required confined optical mode 
for TM-polarized transmitted light. The overlap of the 
confined resonant optical mode with the ITO active layer 
while experiencing ENZ transition is critical for attain-
ing considerable phase tunability. A coupled electrical 
and optical modeling is utilized by means of linking the 
Lumerical device and RCWA solvers in order to quantify 
the inhomogeneity and voltage dependency of accumu-
lated/depleted carriers in ITO and Si under influence of 
applied bias voltages and take their effects into consid-
eration for optical characterizations (reflection/transmis-
sion response) of the unit cell. By applying an external 
voltage, this ITO-integrated SIS unit cell can separately 
achieve phase modulations as large as 240° and 270° in 
the reflection and transmission modes at wavelengths 
of 1696  nm and 1563  nm, respectively. The high isola-
tion and independent control of these operating modes 
enable this tunable optical platform to exhibit distinct 
functions in reflection and transmission modes. The array 
architecture is carried out in such a way that the biasing 
network can address individual elements. This can pave 
the way toward the realization of large arrays with electri-
cally phase-tunable elements, capable of dynamic beam 
manipulation and wavefront engineering.
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